Abstract: A three-dimensional micromechanical finite element model is developed to study the effects of a manufacturing environment on thermal residual stresses in a SiC/ Ti-6Al-4V metal-matrix composite. The model includes a representative volume element consisting of a quarter of SiC fiber covered by relatively thick coating and an interaction layer all of which are surrounded by the Ti-6Al-4V matrix. Stress relaxation due to the viscoplastic behavior of the matrix is accounted for different manufacturing environments, that is, air and nitrogen. The results show that the presented model provides accurate predictions when compared with experimental data. It is possible to use the presented results for appropriate selection of manufacturing parameters. The results suggest that to delay the onset of interface debonding, the best choice is to use cooling rates higher than 0.64 and 0.1°C/s, respectively, for air and nitrogen environments. In order to use simple elastic-plastic models to predict residual stresses within the composite, detailed equivalent stress-free temperatures for various environments, cooling rates, and fiber volume fractions are presented.
Introduction
Metal-matrix composites (MMCs) are mostly used in elevated service temperature components due to their high strength and thermal stability at high temperatures. It is well established in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] that one of the main concerns about MMCs is the high state of residual stresses (RS) induced during the fabrication process. Such stresses are produced due to different thermal expansions of the fiber and matrix. The formation of thermal RS highly affects the mechanical behavior of MMCs when subsequently subjected to various thermo-mechanical loadings [12] [13] [14] [15] [16] [17] [18] . Apart from thermal RS, the existence of a weak interface between the fiber and matrix also influences the behavior of MMCs. In fact, the interaction of thermal RS and weak interface in MMCs is among the dominant factors controlling their mechanical behavior under various loading conditions.
In order to accurately predict the magnitude and distribution of RS within the matrix material of MMCs, the viscoplastic behavior of the metal matrix should be considered. This is due to the fact that relaxation mechanisms of elastic-plastic and elastic-viscoplastic models are totally different. Normally, elastic-plastic models overestimate the resulting thermal RS at both room and elevated temperatures. Therefore, in most previous studies where elastic-plastic behavior is considered for the matrix, either an overestimate state of RS is reported [19] [20] [21] [22] [23] , or to avoid overestimation, the stress-free temperature (SFT) is assumed to be lower than the real manufacturing process temperature [24] [25] [26] [27] [28] . However, the main drawback of this approach is that the model is case sensitive. This means that once the model is validated by the experimental measurements of RS at room temperature for a particular MMC, it cannot be applied to other MMCs or even for the same MMC with different specifications such as fiber volume fraction (FVF). Therefore, using the proper elastic-viscoplastic behavior for the matrix may significantly improve the accuracy of the predictions for RS, provided that the appropriate creep data are employed in the model, see for instance [29] [30] [31] [32] [33] [34] [35] [36] . Consideration of creep and actual thermal history in the model is necessary when models are validated using experimental data. One major experimental factor that influences the time-dependent behavior of the matrix in MMCs is the environment of manufacturing. Reis et al. [37] presented detailed experimental data on the influence of the environment on the tensile creep behavior of titanium alloy. They considered air and nitrogen as environments together with the temperature range from 500°C to 700°C and in the stress range from 14 to 520 MPa. They found that high-temperature exposure in a nitrogen atmosphere increases the creep resistance compared with air atmosphere. Although the effects of the creep behavior of SiC/Ti MMCs in different environments have been reported in previous studies, the effects of the manufacturing environment on the formation of RS in MMCs have not been addressed.
Two other factors that affect the formation of RS in MMCs are rate of cooling from manufacturing temperature to room temperature and FVF, which must be accounted for by elastic-viscoplastic models. Choo et al. [32] used a two-dimensional axisymmetric model to investigate the effects of cooling/heating rate, elasticplastic matrix behavior, and FVF on the RS during the cooling down process and subsequent heating. Their model consisted of Al 2 O 3 fiber and NiAl metal matrix. The results showed that RS of the matrix decrease as the cooling rate decreases due to larger stress relaxation caused by plastic/creep deformation of the matrix. Zhijun et al. [33] utilized a micromechanical elastic-viscoplastic model to investigate RS in the SiC/Ti composite fabricated by means of a fiber coating method. The effect of the matrix creep property on the RS distribution was analyzed. They found that stress relaxation due to the Ti creep property is a significant factor and influences greatly the magnitude of titanium matrix stress. However, the effects of fiber coating, interaction layer, and various environments were ignored in these studies, and no experimental validation was provided to verify their predictions.
In this study, a three-dimensional micromechanical model is developed to investigate the effects of the cooling rate and environment on the magnitude and distribution of the manufacturing process thermal RS of the SiC/ Ti composite system. The model consists of fiber, matrix, coating, and an interaction layer. The effects of stress relaxation are also considered in the model by the incorporation of appropriate creep deformation laws for the titanium matrix. The predictions of the presented model are verified by comparison with the experimental data. At low cooling rates, the RS is highly affected by the environment. In order to use simple elastic-plastic models instead of more complicated viscoplastic models to predict RS within the composite, detailed equivalent SFTs for various environments, cooling rates, and FVFs are provided based on the maximum von Mises stress in the matrix as criterion.
Analysis

Material properties
The composite system under investigation consists of the Ti-6Al-4V matrix reinforced by silicon carbide (SCS-6) fibers. Due to the active nature of titanium, several solidstate processing techniques have been developed for manufacturing titanium MMCs, including the foil-fiberfoil, matrix-coated monotape, and the matrix-coated fiber method. The manufacturing process is then accomplished by the application of hot isostatic pressing or vacuum hot pressing. Silicon carbide fibers are assumed to be isotropic and homogeneous with time-and temperatureindependent mechanical properties as follows: E = 414 GPa, ν = 0.19, and α = 4.8 × 10 -6°C-1 . Since SiC fibers do not creep at temperatures 30% below their melting temperature which is about 2000°C, stress relaxation of the fibers is ignored [38, 39] . Carbon can be considered as the most frequently used material for the coating of SiC fibers. The reasons to develop quite thick coating at the outer surface of SiC fibers are as follows: (1) the coating is not totally consumed by the coating-matrix reaction when the fibers are embedded into the matrix at high temperature and (2) cracks that occur in the coating-matrix reaction zone under loading cannot act as a stress raiser at the SiC deposit surface. SCS-6 fibers have a relatively thick carbon coating. The carbon coating is approximately 3.5 μm thick with anisotropic properties as reported by Li and Wisnom [40] . Apart from coating, brittle reaction products are formed at the fiber-matrix interface (f/c) as a result of high temperature. The very thin layer, which is formed through the diffusion of the matrix and reinforcement atoms across their interface during the manufacturing process, is known as the interaction layer. The formation of this layer is highly influenced by various parameters such as fiber and matrix material, coating of the fiber, duration of exposure to high temperature during the fabrication process, and heat treatment of the MMC. For instance, the interfacial reaction layer is a major concern for titanium alloys reinforced by SiC fibers. Furthermore, several extensive studies have been carried out to investigate the effects of various coating systems on the reduction of the interaction between fiber and the titanium matrix [16, 41, 42] . Experimental studies by Xun et al. [41] and Martineau et al. [42] showed TiC as the largest product within the fiber/matrix interfacial reaction layer. There are some studies in the open literature mainly related to the effects of the interfacial region on the magnitude and distribution of RS within the MMCs [26] [27] [28] . Hung et al. [27] found that the interfacial region thickness has an outstanding influence on the hoop and axial stresses in the composite. The thicker interfacial region can reduce most of the thermal RS in the MMC. Here, TiC with properties of E = 440 GPa, ν = 0.2, and α = 8 × 10 -6°C-1 is assumed as the interaction layer [26] [27] [28] [29] [30] [31] .
The matrix is assumed isotropic with elastic-viscoplastic behavior and temperature-dependent properties. The time-independent thermo-mechanical properties of the matrix are listed in Table 1 [43] . The viscoplastic behavior of the matrix is introduced by a power-law creep equation identified from creep tests in air and nitrogen environments [37] . The steady-state power-law creep rate ε s is described as follows:
where B is the structure-dependent material parameter and n is the stress exponent, both of which are determined at different temperatures and environmets. ε s and σ are the steady-state creep rate and applied stress, respectively. The values of these parameters are shown in Table 2 . Creep resistance in air, owing to the oxidation of Ti-6Al-4V, is reported to be lower than nitrogen [37] . The composite system is assumed to be stress free at a manufacturing temperature of 900°C and then cooled down to room temperature 20°C with several constant cooling rates. 
Finite element model and boundary condition
A three-dimensional representative volume element (RVE) consisting of a quarter of fiber, coating, interaction layer, and corresponding matrix material is used to estimate RS within the MMC. As shown in Figure 1 , a square array of fiber is selected for this study. The appropriate periodic boundary conditions restrict the RVE faces to remain parallel to their initial positions by using three constraints for nodes on the right, upper, and front sides of the RVE to have equal displacement in the x, y, and z directions, respectively. It should be noted that the applied boundary conditions perform a state of generalized plane strain condition for the cooling process of the RVE. The finite element analysis is implemented by using the ABAQUS Standard finite element package [44] . Three-dimensional couple temperature-displacement elements (C3D8RT and C3D6RT) are used to construct the geometry of RVE which is shown in Figure 2 . In order to provide comparisons with experiments, the average normal stress in the matrix is calculated by the postprocessing step.
Results and discussion
The presented micromechanical model is utilized to investigate the effects of the manufacturing environment on the RS in the SiC/Ti MMC. The composite system is assumed to be fabricated at 900°C and cooled down to room temperature at the rate of 0.68°C/s. These are typical conditions for the manufacturing of the SiC/Ti composite in air [29] . Axial RS distribution within the matrix for 32% FVF is shown in Figure 3 for air and nitrogen environments.
Since the generalized plane strain condition is assumed for deformation of the composite in the fiber direction, it is expected to generate uniform axial RS in the constituents. However, the influence of other stress components causes nonuniform axial stress within the composite. X-ray diffraction experimental measurement carried out by Nimmer et al. [29] indicated a specific range of 275-345 MPa for the average axial stress within the matrix in air. The predicted axial stress is tensile all over the matrix ranging from 233 to 396 MPa. The calculated weighted average axial stress within the matrix is about 341 MPa, which lies within the experimental range. Due to higher stress relaxation in the air environment, the generated axial RS in air is 23% lower than nitrogen. Although the magnitudes of axial stresses change seriously, the stress patterns remain almost unchanged in both air and nitrogen. It should be noted that the elastic-plastic model is not sensitive to cooling rate and always overestimates the RS. The estimated average axial stress for the elastic-plastic model is 38% higher than the elastic-viscoplastic model with air as the manufacturing environment. However, assuming lower manufacturing temperature in the elasticplastic models reduces the estimated RS to values closer to experimental data; see for instance Huang et al. [26] . Thermal RS has obvious effects on the axial behavior of MMCs. The existence of RS in the matrix causes asymmetric response of MMCs under axial loading in tension and compression [20, 21] , which has also been reported by experimental measurements [45] . Figure 4 shows variation of maximum RS components within the matrix for air and nitrogen environments. Highest magnitudes of the stress components related to axial and hoop stress occurred at low and high cooling rate, respectively. The axial and radial stress components are less sensitive to the cooling rate as they become flat for cooling rates higher than 1.5°C/s for different environments.
The maximum von Mises stress in the matrix occurs at points 0° and 90° adjacent to the interaction layer. This is due to the fact that radial and hoop stresses are compressive and tensile, respectively, at these points that lead to producing a large term in the von Mises equation. These are the first points to experience matrix failure in the axial loading as reported by Aghdam et al. [20] . Figure 5 demonstrates variation of maximum von Mises thermal RS within the matrix of the SiC/Ti MMC during the manufacturing process in both air and nitrogen environments. The figure indicates that at the cooling rate of 0.1°C/s, the value of maximum von Mises stress in nitrogen is about double the magnitude of the stress in air. For the cooling rate span of 0.1-10°C/s, variation of RS in air is approximately 50% greater than that of nitrogen, which implies higher dependence of RS on the cooling rate in the air environment. Furthermore, ascending trends of maximum von Mises stress in the figure indicate that utilizing cooling rates of lower than 1.5°C/s and employing air as the manufacturing environment reduces the magnitude of the stress in the matrix leading to higher axial strength of the composite. The maximum von Mises RS for the elastic-plastic model is 908 MPa [2] , which is considerably higher than that of viscoplastic models.
Radial thermal RS within the composite along the radial direction at θ = 0° in air and nitrogen environments is shown in Figure 6 . The radial stress is almost constant in the fiber, while it varies in the matrix. The radial stress is compressive within the composites with the highest value occurring at the fiber/matrix interfacial region due to constraint on the condensed matrix by the fibers. The effect of fiber constraint on the matrix reduced away from the fibers. Radial RS distribution within the matrix is more uniform in air in comparison with the nitrogen environment.
Thermal RS and weak interface are the main factors to control the mechanical behavior of MMCs particularly in the transverse loading. Physical evidence shows that the experimentally observed first knee in the transverse stressstrain curve is actually associated with a separation event provided by the edge replica experiments [29, 46] that identify gaps between fiber and coating above the knee in a transverse test. The manufacturing process imposes compressive radial stresses along the fiber/coating interface and, therefore, delaying its failure [12, 19, 20, 39] . Compressive radial stress distribution along the fiber/ coating interface in both air and nitrogen environments is shown in Figure 7 for different cooling rates. It is evident that the radial stresses are variable as θ varies between 0° and 90° mainly due to the difference of the fiber spacing in different directions. It is observed that an increase in the cooling rate increases RS especially in the vicinity of 0° and 90°, which are the most vulnerable points in the transverse loading [12, 19, 20] . In order to delay the onset of interface debonding, processing should be carried out in such a way as to maximize RS. To this end, cooling rates equal to or higher than 0.64 and 0.1°C/s for air and nitrogen environments, respectively, are preferable for the case of transverse loading. It can be concluded from the results that the cooling rate of 0.1°C/s is a proper choice for manufacturing of composites in the nitrogen environment. At this cooling rate, the Mises equivalent RS in the matrix is relatively low, which improves the composite axial strength. Furthermore, the acceptable value for the radial compressive RS at the f/c interface is also produced boosting the transverse strength of the composite.
A parametric study on the fiber coating has been carried out to investigate the influence of coating thickness on the RS. The volume fraction of the coating is increased from 6% to 14% with the rate of 2%. However, no remarkable variation in stresses within the composite is observed. The results revealed that the RS distribution in the composite is independent of the coating thickness.
As mentioned earlier, accurate prediction of RS within the MMCs relies on considering the viscoplastic behavior of the metal matrix. However, due to difficulties of introducing time-dependent viscoplastic behavior, micromechanical models usually assume elastic-plastic behavior for the matrix. Considering the real manufacturing temperature as SFT in elastic-plastic models leads to overestimated RS within the composite due to ignoring stress relaxation within the matrix. One way to compensate for this phenomenon is to apply a lower temperature as an SFT. The main unanswered question is related to the amount of reduction in the SFT. The proper answer to this question depends on various parameters such as cooling rate, environment, and FVF. Furthermore, the answer should also consider different criteria such as maximum radial, hoop, axial, or von Mises stress in the matrix. It is noteworthy that the presented model considers several parameters to suggest more accurate values for SFT assumption in the elastic-plastic models. Table 3 shows the equivalent SFT for the elastic-plastic model considering the maximum von Mises stress in the matrix as the criterion in air and nitrogen environments. The suitable range of FVF for SiC/ Ti is usually between 25% and 40% [29] , and therefore, three different FVFs of 25%, 32%, and 40% are considered. The actual SFT for the elastic-viscoplastic model is assumed as 900°C. It is also evident that the considered parameters -environment, cooling rate, and FVF -have clear effects on the SFT. Therefore, it is concluded that the suggestion of a unique value for the SFT leads to erroneous predictions of different elastic-plastic models. Results show that minimum SFTs are related to FVF = 40% and cooling rate = 0.1°C/s in both environments. The results indicate that the SFT decreases with an increase in FVF, and therefore, it is expected for the SFT to decrease in FVFs higher than 40%.
Conclusion
A three-dimensional micromechanical model consisting of fiber, matrix, coating, and interaction layer was employed to study the effects of various manufacturing parameters on the thermal RS in the SiC/Ti MMC. Stress relaxation due to the viscoplastic behavior of the matrix is accounted for different manufacturing environments, that is, air and nitrogen. Predictions made by the presented model showed acceptable correlation with the reported experimental data. For cooling rates lower than 1.5°C/s, the magnitude and distribution of radial stress are highly affected by the environment. To delay the onset of interface debonding and higher transverse strength, processing should be carried out in such a way as to maximize compressive radial RS at the interface. To this end, one may use nitrogen as the manufacturing environment or apply higher cooling rates to minimize stress relaxation. In order to use simple elastic-plastic models to predict RS within the composite, detailed equivalent SFTs for various environments, cooling rates, and FVFs are provided based on the maximum von Mises stress in the matrix as the criterion. 
